Prodigiosenes (prodigiosin and prodigiosin-like pigments) are known to be synthesized by only one genus of Eubacteriales and by two genera of Actinomycetales. Biosynthesis by Serratia marcqscens occurs over a relatively narrow range of temperatures, although the bacteria grow over a broad range. When cultures of S. marcescens were incubated at 27 C in 1.0% casein hydrolysate, viable count and protein attained maximal values within 24 to 48 h, whereas prodigiosin did not reach a maximum until 96 h. The greatest amount of pigment was synthesized when cultures were in the senescent phase of growth. Suspensions of nonproliferating bacteria incubated at 27 C in only i-alanine also synthesized prodigiosin, although at a slower rate than growing cultures. Kinetics of growth for the wild-type, red S. marcescens and a white mutant were identical when incubated at 27 C, but the wild type produced abundant pigment. These results plus other data obtained from the literature suggest that prodigiosin is a secondary metabolite. The importance of this proposal to understanding the function of prodigiosin in S. marcescens is discussed.
Numerous microorganisms synthesize smallmolecular-weight compounds that have no demonstrable function in the cells. Maximal production generally occurs after cellular multiplication has ceased, and, because the substances are not required for the primary metabolism of cellular growth and multiplication, they are called secondary metabolites (3) . This term defines the compounds, but their classification according to chemical nature is a Sisyphean task. Although a specific secondary metabolite usually is produced by a single or a few species, bacteria and fungi synthesize an enormous variety, ranging from complex antimetabolites and antimicrobial agents, such as actinomycin and erythromycin, to simple aliphatic acids, such as itaconic (3) . Thus, secondary metabolites are identified not by their chemistry but by the metabolic and taxonomic peculiarities of their formation.
In addition to the above characteristics, secondary metabolites can be recognized by the effect of physicochemical factors that are involved in their production, such as temperature, oxygen, and concentrations of phosphate and metallic ions (9, 33) . Data presented in this paper show that the production of prodigiosin by Serratia marcescens has many of these characteristics and establish that this pigment should be considered a secondary metabolite.
MATERIALS AND METHODS
Organisms and growth media. The Nima strain of S. marcescens and a white mutant obtained from it by treatment with ultraviolet light were used. When grown aerobically at room temperature, strain Nima produced prodigiosin. The white mutant did not form prodigiosin even when grown in the presence of various other mutants that synthesize intermediates along the pathway for biosynthesis of the pigment (22, 37) . Therefore, it was concluded that this white mutant not only was incapable of synthesizing prodigiosin but also could not produce any of the known intermediates in the pathway. Except for pigmentation, both Nima and the white mutant gave identical biochemical reactions that were typical of S. marcescens.
Inocula for both strains were prepared from stock cultures carried on tryptic soy agar (Difco) by inoculating bacteria into liquid minimal medium in test tubes. These cultures were grown at 27 C for 24 h without shaking, and then 0.1-ml portions of the cultures were inoculated into test tubes containing 10 ml of minimal medium. After growth without shaking at 27 C for 24 h, the bacteria were harvested by centrifugation and then washed three times with 0.85% saline buffered at pH 7.2 with 0.01 M phosphate buffer. The washed bacteria were slightly pink. For the experiments, 0.1 ml of suspension containing 106 washed bacteria/ml of buffered saline was inoculated into 10-ml portions of medium contained in 50-ml Erlenmeyer flasks. The flasks were closed with cotton plugs and were incubated without shaking for the desired period of time in a water bath that maintained the proper temperature within EO.5 C, as continuously monitored during the experiments by a recording thermometer.
Growth media. Liquid minimal medium (6) 
RESULTS
Generic distribution of prodigiosenes.
The parent nucleus of prodigiosin and prodigiosin-like pigments was named prodigiosene (Fig. 1) by Hearn et al. (15) . As shown in Table  1 , pigments isolated and chemically identified as to structure all contain the prodigiosene nucleus and are closely related to one another. Only microorganisms of the class Schizomycetes are known to produce prodigiosenes. These species of bacteria occur in two orders, Eubacteriales and Actinomycetales. (15), the parent nucleus ofprodigiosin and prodigiosin-like pigments. Three carbon atoms in the bipyrrole portion of the molecule and one in the monopyrrole are not numbered because substitutions on them would destroy the basic linear tripyrrole structure of prodigiosene.
Among the Eubacteriales, synthesis of prodiogiosene is associated only with the genus Serratia, although Lewis and Corpe (18) reported production of pigment similar to prodigiosin by two unidentified marine bacteria. Two of the pigments, 2-methyl-3-amyl-6-hydroxyprodigiosene and 2-(2-pyrryl)-4, 6-dimethoxyprodigiosene, are synthesized by mutants of S. marcescens and may not be produced by wild-type strains.
Prodigiosenes are synthesized by members of two families of Actinomycetales, Actinomycetaceae and Streptomycetaceae. Nocardia madurae, N. pelletieri, and Streptomyces longisporusruber each synthesize two pigments, one of which has a cyclic side chain attached to the prodigiosene nucleus. Ability to produce these cyclic compounds may be characteristic of species in the Actinomycetales.
Pigments of lower molecular weight are produced by S. marcescens, whereas N. madurae, N. pelletieri, and S. longisporusruber produce pigments of higher molecular weights.
Effect of incubation temperature upon biosynthesis of prodigiosin. As can be seen in Fig. 2 , the Nima strain of S. marcescens showed little variation in total growth, as measured by protein, over temperatures ranging from 16 to 32 C. Kinetic studies on these cultures showed that growth was slower at the lower temperatures, but after incubation for 5 days the total amount of protein was about the same for all temperatures between 16 and 32 C. On the other hand, biosynthesis of prodigiosin occurred over a narrower range, with maximal production being between 24 and 28 C.
Kinetics of prodigiosin biosynthesis. When incubated at 27 C, cultures of S. marcescens produced only minimal amounts of prodigiosin during the logarithmic phase of growth. Maximal production of pigment occurred during the stationary phase, and the amount of pigment in the bacteria reached a Production of prodigiosin by nonproliferating cells. Recently, my associates and I described a method by which prodigiosin biosynthesis could be induced in nonproliferating cells by addition of single amino acids (24, 35, 36) . The most effective amino acids for induction were alanine, histidine, and proline, but aspartic acid, glutamic acid, hydroxyproline, ornithine, and serine also induced some pigmentation. Kinetics for synthesis by stationary cultures in the presence of L-alanine are shown in Fig. 4 . Production showed a lag similar to that for growing cells (Fig. 3) , but the maximal amount of pigment was produced later. Stationary cultures of nonproliferating cells produced less pigment than stationary growing cultures. During the time of pigment production, there was no increase in viable count or protein, establishing the fact that the cultures were nonproliferating.
Kinetics of growth in pigmented and nonpigmented cultures. Figure 5 compares growth of the wild-type strain Nima to that of a white mutant. The curves for increases in viable count and protein are almost superimposable. Prodigiosin biosynthesis by the wildtype strain followed a pattern similar to that shown in Fig. 3 (5) called these two phases the trophophase (nourishment phase), for the period of cellular growth, and the idiophase (individual phase), for the period when specific secondary metabolites peculiar to individual bacteria are produced. The two phases are clearly separated during production of prodigiosin by S. marcescens (Fig. 3) . Biosynthesis of prodigiosin occurs over a narrower range of temperature than growth, and nonproliferating cells produce pigment. Since the kinetics for growth of pigmented and nonpigmented strains of S. marcescens are identical, prodigiosin has no metabolic function that is reflected in cellular multiplication.
In his review, Weinberg (33) cited several other characteristics that may distinguish secondary metabolites. For example, their synthesis by nonproliferating cells can be inhibited by glucose, by phosphate, and by chloramphenicol. These same substances inhibit biosynthesis of prodigiosin by nonproliferating cells of S. marcescens (1, 2, 36) . Secondary metabolites may be located in the cell envelope of microorganisms, as is true of prodigiosin (23), although prodigiosin is not released into the medium, as is characteristic of many secondary metabolites. Biosynthesis of prodigiosin, in contrast to biosynthesis of cellular materials for growth, has a narrower tolerance for iron (29) and a narrower range of aeration (16) . Nonproliferating cells synthesize the pig- (36) . Again, these conditions are characteristic for production of other secondary metabolites (33) . In addition, prodigiosin is one member of a closely related family of molecular species, the prodigiosenes (Table 1) . A characteristic of other secondary metabolites is their existence as members of closely related chemical families (33) .
Secondary metabolites may arise by different biosynthetic pathways than primary metabolites (3, 4, 33) . Several investigations indicated that the pyrrole groups of prodigiosin arise from amino acids (26, 27, 28, 35) and acetate (8) , rather than through the succinateglycine cycle, as is characteristic of the pyrrole groups of porphyrins, compounds that are involved in primary metabolism.
Both the present experiments and those of others provide evidence that prodigiosin is a secondary metabolite. The significance of this proposal lies not so much in characterizing prodigiosin as a secondary metabolite as in the implication the suggestion has regarding function of the pigment. Failure to establish a function for prodigiosin in S. marcescens has perplexed investigators (7, 21, 27) , and Stavri and Marx (27) argued that if the pigment were of no use to the bacterium the ability to synthesize prodigiosin would have been lost. But, as Weinberg (33) pointed out, one hypothesis for the function of secondary metabolites (38) suggested that the process of formation is more important than the specific product. Formation of the substances by microbes no longer capable of dividing removes from the cellular milieu unused primary metabolites that might accumulate and become lethal for the cell. Secondary metabolism converts these potentially toxic metabolites into innocuous end products. Thus, secondary metabolism is of value because removal of the primary metabolites may prolong survival of the microorganisms. However, prodigiosin itself cannot be the compound that traps possible toxic materials, because a nonpigmented mutant maintains the same viable count over a period of incubation for 7 days as does the pigmented wild type (Fig. 5) teins) are involved in synthesis of a conjectured useless product. According to McQuillen (20) , Escherichia coli contains about 1,000 species of proteins, many of which are enzymes. If we assume that S. marcescens contains about 1,000 enzymatic proteins, then about 1% of these enzymes are involved in biosynthesis of prodigiosin because, as shown in Fig. 6 , at least 10 enzymes are involved in biosynthesis of the pigment (22, 37) . Mutants blocked at four different steps have been identified in biosynthesis of the monopyrrole, and mutants blocked at five different steps have been identified in biosynthesis of the bipyrrole; a tenth has been isolated that is blocked in the coupling of these two compounds to form pigment. Such use of genes and enzymes to synthesize a useless product is not consistent with the economy of nature that tries to conserve vital materials for essential functions.
Perhaps the paradox can be explained by Woodruff s hypothesis (38) that as cells enter the late phases of growth they face death by accumulation of toxic precursors. Biosynthesis of secondary metabolites converts there toxic substances to an end product that has no specific function for the cell but does prolong life by removal of the lethal substances. During senescence of the bacteria, synthesis of prodigiosin and its intermediates may function indirectly in S. marcescens by removing toxic accumulations of metabolites such as amino acids. Investigations of prodigiosin biosynthesis by nonproliferating cells, in which cellular growth and multiplication are separated from formation of pigment and its precursors, may provide clues as to the function of secondary metabolites in senescent cells. An understanding of the induction and regulation of the biosynthesis may provide information pertinent to the process of aging in living cells. 
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